ABSTRACT: Combined single-photon emission computed tomography and conventional computed tomography (SPECT/CT) is a hybrid imaging modality that shows a combination of metabolic and structural information about the ankle, including arthritis. We hypothesize that uptake in specific locations within the ankle joint can be associated with both clinical outcomes and may help predict which patients will have a successful SMO. Eighty-five pre-operative SMO patients with varus (37), valgus (41), or neutral (7) alignment of the hindfoot were assessed using SPECT/CT. The level of activation on SPECT/CT scans was measured. Pre and Postoperative functional scores were recorded. Patients with medial gutter activation had significantly worse (p < 0.05) AOFAS alignment (AOFAS-A) scores pre-operatively. Patients with varus or valgus alignment did not have any difference in VAS pain scores, but those in valgus did have worse AOFAS-P (pain) scores. Those with cystic lesions had a worse FAOS score pre-operatively. Ten patients (12.5%) had a treatment failure. Pre or post-operative alignment did not correlate to a treatment failure. The only statistically significant (p ¼ 0.036) poor prognostic indicator was a bipolar lesion. Pre-operative SPECT/CT evaluation of an ankle before a SMO can be used to clinically correlate patient-specific factors such as pain and function in the pre and post-operative period. We caution against performing a SMO in patients with bipolar activation on a pre-operative SPECT-CT scan. Keywords: supra-malleolar osteotomy; ankle arthritis; SPECT/CT; asymmetric ankle arthritis; SMO Varus or valgus malalignment is commonly seen in patients with asymmetric ankle arthritis. Supramalleolar osteotomies for the treatment of asymmetric ankle arthritis have been shown in multiple studies to improve the functionality of patients while improving the radiologic evidence of arthritis.
Varus or valgus malalignment is commonly seen in patients with asymmetric ankle arthritis. Supramalleolar osteotomies for the treatment of asymmetric ankle arthritis have been shown in multiple studies to improve the functionality of patients while improving the radiologic evidence of arthritis. [1] [2] [3] Ultimately, the goal of this procedure is to delay an ankle replacement or arthrodesis. However, it is uncertain as to how or why the radiographic signs of arthritis improve and patients have reduction in pain.
The center of force and peak pressure moves in an anteromedial direction for valgus and posterolateral direction for varus deformities. 4 Since one cannot analyze in vivo joint mechanics prior to the supramalleolar osteotomy, a possible surrogate for in vivo joint dynamics is the state of bone metabolism. Combined single-photon emission computed tomography and conventional computed tomography (SPECT/ CT) is a hybrid imaging modality that shows a combination of metabolic and structural information about the ankle. Recently, its use has expanded to preoperative evaluation of supramalleolar osteotomies (SMO) for asymmetric ankle arthritis.
The purpose of this study is to investigate if the location of bone scan activation is related to pre and post-operative functional and pain scores. We hypothesize that uptake in specific locations within the ankle joint can be associated with worse pre-and postoperative functional and pain scores. Furthermore, we hypothesize that a SPECT/CT scan can help predict which patients will have a successful SMO.
METHODS
A consecutive series of 85 supramalleolar osteotomies performed between April 2006 and January 2015 were available for review. Eighty-five patients with malalignment or osteochondral lesion of the hindfoot were assessed using SPECT/ CT. All surgeries were performed at a single institution by orthopaedic foot and ankle surgeons with extensive hindfoot realignment experience. The indication for the index osteotomy included debilitating pain and function in a malaligned ankle joint that failed conservative treatment.
All patients were informed of the potential risks of the study and gave an informed consent. All patients were pre-operatively evaluated clinically and by radiography according to standard protocol and then examined by SPECT/CT. The study was approved by the Research Ethics Committee at our institution.
Imaging
Weight-bearing anteroposterior and lateral ankle radiographs were performed pre-operatively and at 3 months postoperatively. All radiographs were evaluated with a highresolution monitor using PACS. The first parameter measured was the angle of distal tibial joint surface (TAS) which is defined by the midlongitudinal axis of the tibia and the tibial plafond (Fig. 1) . The tibiotalar angle (TTA) is measured on the medial side between the midlongitudinal axis and the superior surface of the talus (Fig. 1) . Talar tilt in the ankle mortise was calculated as the difference between TAS angle and TTA [5] [6] [7] (Table 1) . Bone scintigraphy was performed 3 min after intravenous injection of 740 MBq 99mTc-DPD (99mTechnetium labeled 3,3-diphosphono-1,2-propanodicarboxylic acid). Delayed scintigraphy was performed 4.5 h after radioisotope injection. The intensity of uptake adjacent to the ankle joint mortise as seen on the images was evaluated and graded subjectively. Blood-pool and delayed images were assessed. SPECT/CT was performed 3-4 h after radioisotope injection. The ankle and hindfoot joints were evaluated with 1 mm coronal, sagittal, and axial cuts. This is similar to the technique used in a previous study.
8 Two-and three-dimensional reconstruction fusions were performed.
The level of activation on SPECT/CT scans was measured. Activation was assessed on both the tibia and talus including 18 locations on axial scans, 8 locations sagittally, and 12 locations coronally on SPECT/CT imaging, which was similar to a previously described grid configuration of ankle SPECT/ CT scans. 8 ( Fig. 2 ) Activity was also assessed at the talonavicular, subtalar, calcaneocuboid joints and subfibular and syndesmotic regions. The activity was standardized as follows: 50% Mixing ratio of CT/NM, Color Spectrum (Spectrum 10Steps, 16 Bit), with a windowing baseline value of 50%. That means that uptake only above 50% would be recorded (Fig. 3) .
Functional Outcome Scores
Pre-operative functional and pain scores (AOFAS, FAOS, and VAS) were recorded for each patient at an average of 3.7 AE 2 years post-operatively. All patients were evaluated preoperatively and at 3 weeks, 6 weeks, 3 months, 6 months, and annually postoperatively; clinical outcome assessments were made at 6 months and 1 year post-operatively, and annually thereafter. The American Orthopaedic Foot and Ankle Society (AOFAS) hindfoot-ankle score and Foot and Ankle Outcome Score was used to evaluate function. Pain was rated using the Visual Analog Scale (VAS), ranging from 0 (no pain) to 10 (maximum pain). Those without a SMO performed (5 patients) for osteochondral lesions, were excluded from any post-operative analysis of prognostic indicators.
Failure rates were also compared. A failure was defined if the ankle required a conversion to a total ankle arthroplasty or arthrodesis.
Statistical Analysis
We compared pre-operative functional pain scores (AOFAS, FAOS, and VAS) and SPECT/CT imaging with pre-operative patient scores assuming equal group variance with ANOVA. Pearson chi-square analysis was used to determine if failure was related to having activation (categorical variable) in other joints besides the hindfoot Data analysis was conducted with IBM-SPSS Statistics-Version 24 (Armonk, NY). Patients were evaluated preoperatively at 3 weeks, 6 weeks, 3 months, 6 months, and annually postoperatively; clinical outcome assessments were made at 6 months and 1 year post-operatively, and annually thereafter. However, for our purposes, only the last follow-up outcome scores were used.
RESULTS
Eighty-five patients with varus (38, 44.7%), valgus (42, 49.4%), or neutral (5, 5.9%) alignment of the hindfoot were assessed. A total of 80 supramalleolar osteotomies were performed. Of these patients, 60 (70.6%) were males with an average age of 46.6 AE 13.6 yearsold (range 15.9-73.1) with a mean 44.4 AE 24 months follow-up. The mean BMI was 27.2 AE 6.4 kg/m 2 (range, 21.7-34.5). For varus arthritis (38 patients), the following procedures were performed: Medial opening wedge osteotomy (18, 22 .5%), lateral closing wedge osteotomy (10, 12.5%), dome osteotomy (6, 7.5%), and intra-articular osteotomy (4, 5%). For valgus arthritis (42 patients), the following procedures were performed: Medial closing wedge osteotomy (40, 50%) and lateral opening osteotomy (2, 2.5%). All osteotomies were healed at the radiographs at 3 months postoperative.
Patients with medial gutter activation had significantly worse (p < 0.05) AOFAS alignment (AOFAS-A) scores pre-operatively. (Tables 2-4) Patients with varus or valgus alignment did not have any difference in VAS pain scores, but those in valgus did have worse AOFAS-P (pain) scores. Those with cystic lesions had a worse overall FAOS score pre-operatively. Those with tibial-only lesions had better AOFAS-F (functional) scores. Those with tibial central lesions had lower VAS pain scores and higher AOFAS-F and FAOS ADL scores. Tibial anteromedial lesions were associated with higher AOFAS-F and total scores. Medial tibial lesions had worse FAOS scores and higher FAOS P scores. On the talar side, anteromedial lesions had lower pain (AOFAS-P) and higher FAOS QoL scores. Posteromedial lesions had a lower VAS pain score. Dome lesions had better FAOS symptoms scores.
Post-operatively, cystic lesions had worse AOFAS alignment scores. Dome lesions had lower VAS scores post-operatively.
Clinical Failures and Prognostic Indicators
Ten patients (12.5%) had a treatment failure at a mean of 26.3 months (range, 11-72 months) from the date of the index surgery. Six patients were successfully converted to a TAR and another four to an arthrodesis. Pre or post-operative alignment did not correlate to a treatment failure. It was noted that the failures were more likely to have cystic lesions (20%), bipolar lesions (kissing lesion on both tibia and talus, 50%) anterocentral activation on tibia (30%), or anterocentral/media/dome activation on the talus (20%). 90% of the failure patients had post-traumatic arthritis. The only statistically significant (p¼.036) poor prognostic indicator was a bipolar lesion (Fig. 4) .
DISCUSSION
Patients with malalignment of the ankle and hindfoot evaluated with SPECT/CT showed a correlation between many of the pain and functional outcome scores pre-operatively and the location of the uptake. At this point, it is difficult to ascertain how activity within the tibia and talus directly affects pain and functional outcome measurements. Post-operatively, those with talar dome uptake and cystic lesions showed worse post-operative functional and pain correlations. Therefore, it is important to inform patients that if they had any pre-operative talar dome activation or any cystic component they may have worse functional or pain outcomes. Given that bipolar lesions have a significantly higher rate of failure, we recommend that surgeons proceed with a SMO in these patients with caution.
SPECT/CT has tremendous potential for proving tremendous diagnostic information ,9-11,12 but this is the first study to demonstrate a relationship between the location of radiotracer uptake and clinical and functional outcomes. This coregistration imaging modality has evolving and expanding indications in the foot and ankle. 11 It has been useful in evaluating degenerative joints in the ankle and midfoot, 8, [13] [14] [15] [16] painful total ankle replacements, 17 Singh, et al. 11 imaged 50 patients with ambiguous varied foot and ankle pathology. The provisional diagnosis matched with the SPECT/CT scan in only 22% of cases. Therefore, SPECT/CT imagine led to a modified treatment plan in 78% of patients. In this series, the accuracy of diagnosis of the SPECT/CT scan THE UTILITY OF THE ANKLE SPECT/CT SCAN was 94% while the sensitivity and specificity was 95.5% and 83.3%, respectively. Similarly, Chicklore and associates 10 used SPECT/CT for soft tissue pathology and impingement. In 56% and 72% of those with soft tissue pathology, the SPECT/CT provided information that was not gleaned from a clinical diagnosis or two-phase bone scan, respectively.
Knupp and colleagues 8 first evaluated hindfoot alignment in 11 patients with varus and 16 patients with valgus malalignment. They noted that stage of osteoarthritis (modification of Takakura score) seen on plain radiographs correlated significantly with the level of activation detected on bone scans. Similar to our data, they noticed that varus ankle showed more medial uptake and the valgus ankle demonstrated more lateral uptake. This study served to demonstrate that hindfoot malalignment has an important role on bone metabolism.
While we sought to correlate SPECT/CT findings with clinical and pain outcomes, Paul et al. 16 analyzed the pathologic bone-remodeling process in areas with increased radiotracer uptake in patients with end-stage ankle osteoarthritis. In areas with radiotracer uptake, the subchondral bone had an increase in osteoblasts and no functional osteoclasts as compared to areas of no radiotracer uptake. Additionally, areas with increased uptake had increased randomly organized collagen deposition. This is the first study in foot and ankle literature to describe prognostic indicators for those with supramalleolar osteotomies. Half of those with bipolar activation eventually failed after a supra-malleolar osteotomy. Bipolar activation likely represents endstage arthritis that may cause persistent pain and disability despite offloading this area. Unfortunately, this represents a limit as to what realignment can achieve.While it is difficult to appreciate the diagnostic power of SPECT/CT, it still provides with useful clinical information. Currently the indications for a supramalleolar osteotomy remain unclear and little is known about the prognosis of the procedure. Preoperatively the surgeon can assess the ankle with many imaging modalities, but each have their own limitations. X-rays have a limited value for the prognosis. End stage arthritis is a contraindication for this procedure. Arthroscopy is an invasive procedure and its value for the prognosis of a SMOT is uncertain. An MRI is often difficult to assess the health of the cartilage because of extensile edema. Using current technology, we cannot T2 map the cartilage because the cartilage layer of the ankle is much thinner than something like the knee. Scintigraphy has high sensitivity for arthritic joints, but it has poor resolution and therefore, difficult interpretation in small joints. There are several limitations to this study. Firstly, this is a retrospective review of prospectively collected data. While we did attempt to quantify the amount of radiotracer uptake by using a 10 point SPECTRUM (16 Bit) scale, we could not directly measure the amount of radiotracer uptake and correlate it to functional and pain outcomes. In order to do so, software would need to be developed to volumetrically quantify the amount of tracer uptake as has been done in the knee. 22 Alternatively, a PET (positron emission tomography) scan could provide high-resolution imaging and uptake data that can easily be quantified. Unfortunately, insurance carriers are extremely reluctant to cover this cost. While we are able to correlate certain pre-and post-operative functional outcomes to areas of radiotracer uptake, it is unclear if there are any clinical implications for this data. In order to truly see how pathology and functional outcomes intertwine, it is would be useful to obtain SPECT-CT scans at one year post-operative to see if these functional scores changes and if there are any other correlations. Another major limitation is that we do not routinely obtain SPECT/CT imaging postoperatively to show that the biomechanics and metabolism of the bone have been altered. While this would be of tremendous academic interest, we only reserve postoperative imaging in case we suspect a pending failure. Some issues obtaining these scans post-operatively include: Cost, radiation (though the CT portion of the scan is typically 20-25% of a normal foot and ankle CT scan), and patient's time. Another limitation was that we compared patients with pathologic lesions (i.e., medial gutter activation) to a control group, which was any patient without that type of lesion. Unfortunately, each control group had a lesion of its own. We did not find it was feasible to compare a person's healthy ankle to their pathologic ankle since they would have had to fill out two distinct functional outcome scores for each side.
CONCLUSION
Pre-operative SPECT/CT evaluation of an ankle before a SMO can be used to clinically correlate patient-specific factors such as pain and function in the pre and postoperative period. Results from this study provide prognostic information on the locations of lesions that may cause patients more functional disability and pain pre and post-operatively. Furthermore, SPECT/CT can be used to prognosticate on the success of the procedure. We caution against performing a SMO in patients with bipolar activation on a pre-operative SPECT-CT scan.
